To provide a common ground for the comparison between theory and experiment, this paper presents a framework for the phenomenological description of middle-ear mechanics. The framework defines those measurements sufficient to characterize the transduet/on properties of the middle ear and its components. Phenomenological equations are represented in the form of an equivalent electrical circuit that can be used to deduce testable relations among measurable quantities. Two applications are then discussed. First, the classical concept of the middle-ear transformer ratio is generalized to include any effects of eardrum flexion or nonrotational ossieular motion. Middle-ear models predict that the resulting transformer ratios vary considerably with frequency. Second, the conditions under which the topology of existing circuit analogs satisfactorily approximates middle-ear mechanics are given. Most middle-ear models cannot be used to correctly predict the absolute pressures in the cochlea.
of simple matrix relations among the pressures and volume velocities at the three windows (Sec. I). A phenomenologicat description of middle-ear mechanics independent of the boundary conditions at the windows is then presented (Sec. II), including characterizations of the eardrum (Shera and Zweig, 1991 ) and the ossicular chain. The description of middle-ear mechanics--written in terms of measurable impedances describing the mechanical and acoustic properties of the membranes, bones, ligaments, and cavities of the middle ear is summarized in a block-diagram equivalent circuit { See. III). The structure of the equations is then explored, their representation and solution for various stimulus configurations outlined, and testable consistency relations given. The paper concludes (Sec. IV) with an examination of two issues important for middle-ear mechanics: ( 1 ) the generalization of the classical concept of the middie-ear transformer ratio to include the effects of eardrum flexion and any nonrotational oscillation or bending of the ossicles; and (2) the conditions under which existing circuit models accurately predict the pressures in the cochlea. down the organ of Corti. Although coupling through the ossciular chain is stronger, pressure variations in the tympanic cavity also affect the motion of both the stapes and the round window. The middle ear can, of course, be driven "in reverse" by the arrival at the stapes and round window of waves generated within the cochlea.
A. Linearity of the middle ear
The measurements of Guinan and Peake (1967) and Buunen and Vlaming (1981) on the cat indicate that the middle ear responds linearly throughout the intensity range of normal hearing up to the threshold for activation of the acoustic reflex. Working on cadavers, Rubinstein et al. (1966) found a linear variation in stapes displacement with sound pressure level (SPL) below • 100 dB SPL. Correspondingly, linearity for humans will be assumed. Linearity implies that the middle ear can be completely characterized in terms of its response to pure tones; all variables in this paper have therefore been written as complex quantities describing those responses.
I. THE STRUCTURE OF THE MIDDLE EAR
The human middle ear consists of those structures within and facing onto the tympanic cavity. The tympanic cavity is an irregularly shaped, room-like enclosure in the temporal bone bounded by six walls. (In many mammals, such as cats and rodents, the middle ear is surrounded not by the temporal bone but instead by a bony compartment known as the auditory bulla.) The walls, lined with a thin, ciliated mucosa, face one another in roughly paired opposition. The lateral wall of the cavity is formed by the eardrum, which moves in response to incident sound. Suspended from ligaments and muscles attached to the cavity walls, the three bones of the ossieular chain span the cavity like an arch and transmit the motion of the eardrum to the oval window on the medial wall, where the vibration of the stapes sets the cochelar fluids into motion. Volume displacements of the stapes footplate are relieved by displacement of the round window located in a membrane-covered niche on the medial wall. The posterior wall of the cavity opens through the aditus into the mastold antrum, whose walls are lined with a labyrinth ofmastoid air cells reminiscent era miniature swiss cheese. That cancellate mastold meshwork greatly increases the surface area of the cavity. The anterior wall opens into the Eustachian tube, which connects the tympanic cavity with the pharynx. Closed during normal hearing, the Eustachian tube opens during swallowing to permit equilization of pressure in the tympanic cavity. The superior wall, or roof, of the cavity separates the tympanic cavity from the brain, whereas the floor separates the middle ear from the carotid artery and the scribe the response of the middle ear when it is driven from any of the three windows or from the cavity onto which they face. The form of those equations is independent of specific details of cavity geometry and the precise mode of motion of the bones of the middle ear.
Four phenomenoloõical equations relate the seven variables in the figure.
• Those four equations provide a complete phenomenological description of middle-ear mechanics.
The three additional equations necessary to complete the system sp•ify the boundary conditions, one at each of the three windows.
Linearity implies that the middle-ear equations can be summarized by matrix relations in which three (i.e., the number of windows) of the variables are regarded as "independent" (that is, they are determined not by middle-ear mechanics but by boundary conditions at the windows) and the other variables expressed in terms of them. Which three of the seven variables are chosen as independent may depend, for example, on how the system is driven. As a simple illustration, note that the structure and linearity of the middle ear guarantee that the four pressures P are linear, homogeneous functions of the three volume velocities U; that is, there exists a matrix Z such that (1) where Z is a 4 X 3 matrix of impedance coefficients determined (solely) by middle-ear mechanics. The homogeneity of the equations follows from the assumption that the middie-ear contains no independent internal sources of motion.
There are, of course (2) = 35 such matrices, one for each choice of the three independent variables.
The four equations that constitute Eq. ( 1)--or, equivalently, the four simpler equations obtained below--summarize middle-ear mechanics in a manner independent of the boundary conditions at the three windows. Specification of those boundary conditions provides the three additional equations that complete the system. In a typical application, that specification would include characterizations of the cochlear load and a source term in the ear canal that determines, for example, the volume velocity Ue delivered by an earphone.
The equations obtained in the next section--which summarize the mechanical and acoustical properties of the membranes, bones, ligaments, and cavities of the middle ear by a few independent, measurable impedance functions (five, if eardrum/ossicular transduction is reciprocal)--permit determination of all 12 matrix elements of Z (or the corresponding elements of any of the other possible matrices). Subsequent sections discuss the representation of those equations as equivalent circuits, examine the nature of the boundary conditions, and provide examples in which the formalism is applied to problems of middle-ear mechanics. The matrix elements are not all independent; constraints on the elements--which may be used either to reduce the number of measurements necessary to characterize eardrum/ossicular transduction or to check the consistency of measurements that overdetermine the system--are discussed in the first paper of the series (Shera and Zweig, 1991 ) . Examples of such constraints include causality, which requires that the real and imaginary parts of each 
Note that the two equations (7) and (8) 
•o//v •-0 At low frequencies, the relative magnitudes of the corresponding areas for the two "eardrums" are thus reversed.
As an illustrative example, consider an idealized ossicular chain consisting of a simple lever system in which the malleus and incus are massless, rigidly connected, and rotate freely, connecting firmly to the eardrum and stapes with lever arms of 1 (2) Approximate factorization of "Tow. This section A presents an approximate factorization of the matrix U Tow into three component matrices representing, respectively, the action of the malleoincudal complex, the incudostapedial joint, and the stapes. The factorization is based on the assumption that the motion of the stapes is piston-like and can therefore be described by a single spatial degree of free- The symbolic notation introduced in Eq. (9) is used again here for brevity. Equation ( 
Equations ( 
The minus sign appears because volume displacements of the round window, like those of the oval window, are defined to be positive out of the adjoining cavity.
C. Characterization of the cavities
The pressure in the middle-ear cavities varies in response to the volume displacements of the eardrum and the oval and round windows. When the wavelength of sound is long compared to the characteristic dimensions of the cavities, the pressure in the cavities is nearly uniform and the acoustic properties of the cavities are accurately represented by lumped impedances. The pressure Ptc in the tympanic cavity is related to the volume velocities of the three windows through the equation Pt½----Z•,(U, --Uo,, --U•,,) . 
the pressure in the tympanic cavity varies in response only to the motion of the eardrum. Indeed, the companion paper (Shera and Zweig, 1992b) demonstrates that because of the large area ratio between the eardrum and oval window, the pressure in the tympanic cavity is determined (regardless of possible cochlear compressibility) principally by the eardrum; 6 the "ossicular eardrum" has little relative effect on the cavity pressure even in those animals, such as the cat, in which the oval and round windows face onto separate cavities.
III. REPRESENTATION OF THE PHENOMENOLOGICAL EQUATIONS
This section discusses the representation both as equivalent electrical circuits and as matrix equations--of the system of middle-ear equations outlined above in Sec. II, explores assumptions underlying the existence of the conventional "two-port" representation of middle-ear mechanics, and illustrates how the equations can be completed with boundary conditions at the three windows to obtain solutions (for the pressures and volume velocities) for a variety of stimulus configurations.
A. Equivalent circuit of the middle ear
The equations of motion for the middle car can be represented in the form of an equivalent "black-box" electrical circuit (Fig. 3) . The equivalent circuit is symmetric with respect to its treatment of the three windows: no specification of either the cochlear or external-ear loads are included. The circuit representation illustrated in Fig. 3 is completely equivalent to the equations given above. The mechanics of the middle ear uniquely determines the topology of the equivalent circuit; the equations of motion can be recovered from the figure using Kirchhoff's circuit laws.
Other investigators have proposed circuit models of the human middle ear (Zwislocki, 1957; Zwislocki, 1962; Moller, 1961; Onchi, 1961 ) . Those circuits were developed to represent the input impedance of an "average" middle ear and, for this purpose, have proved successful, although middle-ear mechanics has not always been faithfully reflected in the network topology. In contrast to previous circuits, all voltages, currents, and impedances in the equivalent circuit shown in Fig. 3 Table I . The following subsection shows how this general "three-port" representation can be used to obtain the standard "two-port" description of middle-ear mechanics by assuming that the cochlear contents are incompressible.
Incompressibil/ty and the "two-port" description
The 
These four matrix elements constitute the upper left-hand corner of the matrix M (see Table I 
Despite its convenience, the matrix c T_ does not--aven in the incompressible limit--provide a complete description of the middle ear (as viewed, outside looking in, from the I three windows): an additional equation (see Table I With knowledge of the loads seen from the three windows, solutions can, of course, be obtained for a variety of stimulus configurations. Those solutions can be used to check the consistency of the framework. For example, imagine driving the middle ear by introducing a volume velocity Us into the tympanic cavity through an artificial fourth window (the Eustachian tube or a small opening drilled into the cavity, for example). Equation (24) Unfortunately, existing rneasurements do not permit a direct quantitative examination of these issues. To provide an indication of the range of existing theoretical predictions, however, each section is illustrated with examples from published models of the human middle ear (Zwislocki, 1962;  Kringlebotn, 1988). Although they provide a good representation oftlhe input impedance of an average ear, the models remain incompletely tested in other respects, even at low frequencies. Thus, the extent to which the models accurately predict the quantities discussed here is not known. 
